In short germ insects, the procephalon and presumptive anterior segments comprise most of the embryonic rudiment which lengthens as posterior segments are added during development (Sander, K. (1976) Adv. Insect Physiol. 12, 125-238). The expression pattern of a grasshopper ortholog of the primary pair-rule gene even-skipped (eve) suggests that it is not relevant to segmentation in this short germ insect
Introduction
In Drosophila, a hierarchy of developmental genes establishes a periodic pattern in the embryo which underlies the process of segmentation. Juxtaposed stripes of Wingless and Engrailed protein establish parasegmental boundaries (Ingham and Martinez Arias, 1992) . Pate1 et al. (1989a) detected Engrailed protein in the posterior portion of each segment in crayfish and grasshoppers (as in Drosophila) and proposed that engruiled orthologs play a general role in segmentation of arthropods. Analysis of the spatial and temporal expression patterns of Tribolium orthologs of engrailed (Brown et al., 1994b) and wingless (Nagy and Carroll, 1994) supports the hypothesis that these genes perform conserved functions in defining parasegmental borders in all insects (Akam, 1994) .
Pair-rule genes function immediately upstream of such segment polarity genes as engrailed and wingless and establish a prepattern with a double segment periodicity. even-skipped (eve) encodes a homeodomain protein which functions as a transcription factor Han et al., 1989) . In Drosophila, eve is expressed in a periodic pattern during segmentation (Harding et al., 1986; Macdonald et al., 1986) , and eve null embryos display an asegmental phenotype (Ntisslein-Volhard et al., 1984) . The limited evidence available for the grasshoppers, Schistocerca americana and S. gregaria, suggests that pair-rule genes do not function to establish a double segment periodicity in these hemimetabolous insects. Grasshopper orthologs of even-skipped (Pate1 et al., 1992) and fushi tarazu (another pair-rule gene) (Dawes et al., 1994) have been cloned and studied. Neither gene is expressed in a periodic pattern during early embryogenesis.
On the other hand, transcripts of Tribolium orthologs of the Drosophila pair-rule genes hairy (Sommer and Tautz, 1993) , fushi tarazu (Brown et al., 1994a) and runt (Brown, unpub- is the runt ortholog of the lepidopteran Manduca sexta (Kraft and Jackie, 1994) . In addition, Pate1 et al. (1992) showed that an antibody against the product of the grasshopper even-skipped ortholog recognizes proteins expressed in pair-rule patterns during the embryogenesis of three types of beetles. These observations suggest that the pair-rule segmentation mechanisms originally described for Drosophila are broadly conserved in the Holometabola.
Here we describe the molecular characterization and embryonic expression of the eve ortholog from Tribolium. In situ hybridization to embryonic transcripts shows that the eve gene is expressed in a pattern congruent with that observed immunologically by Pate1 et al. (1994) . This result confirms that the antibody against grasshopper Even-skipped recognizes a homologous Tribolium protein.
Although there are similarities to the expression pattern in Drosophila, differences in the pattern and its dynamics in Tribolium imply that regulatory mechanisms differ between the fly and beetle genes. In addition, although it has been hypothesized that an eve ortholog was a member of the ancestral homeotic complex (Matsui et al., 1993) we show that, as in Drosophila, eve is not linked to the homeotic genes.
Results

Cloning and molecular characterization of an evenskipped ortholog from Tribolium
Using the Drosophila proboscipedia (pb) homeobox as probe (Cribbs et al., 1992) , we identified three hybridizing lambda clones in a low stringency screen of a Tribolium castaneum genomic library (Brown et al., 1990) . One clone includes a portion of the Tribolium proboscipedia (pb) ortholog (unpublished results). The two other clones each contain a 1.4 kb XhoI-Hind111 fragment with possible homeobox similarity as determined by Southern analysis. Sequence analysis (see below) of this fragment indicated that it encodes the homeodomain of the Tribolium evenskipped ortholog (Tc eve). The isolation of Tc eve clones using a pb probe is explained by an identical 26 base region common to the 3' portion of their homeoboxes. However, when the Tc eve homeobox fragment was used to probe genomic DNA at high stringency, hybridization was restricted to a single band, corresponding to the Tc eve gene (data not shown). Similar results with several enzymes indicates that Tribolium carries a single eve gene.
Using the 1.4 kb Tc eve fragment, we identified two Tribolium cDNA clones, the longest of which was then sequenced. The reading frame of the cDNA sequence is open at the 5' end indicating that the clone is not full length. We then used the cDNA insert to identify genomic fragments containing the 5' end of the gene. Comparison of genomic and cDNA sequences revealed a gene composed of three exons separated by introns of 75 bp and 2 kb, respectively, as shown in Fig. la . The DNA and predicted protein sequence of the Tc eve cDNA joined to the 5' flanking genomic DNA are shown in Fig. lb . Although the cDNA lacks a canonical polyadenylation signal, an alternative motif (AAUAUA) (Hu et al., 1994) occurs 13 bases upstream of the polyadenylation site. The longest cDNA (980 bp) closely corresponds in size to the single transcript of 1.1 kb detected by Northern analysis (Fig. 2a) . To determine the 5' end of the Tc eve transcription unit we performed primer extension and ribonuclease experiments.
Using a 26 base oligonucleotide primer complementary to a region 80 bases from the 5' end of the partial cDNA, we obtained a predominant primer extension product of ca. 141 bases (labeled +l in Fig.  2b ). The two faint bands (at positions -76 and -81) were significantly weaker at higher hybridization temperatures, but still detectable. The exact base corresponding to position +l was determined by comparing that band to the sequencing bands generated using the same primer and run in parallel with the primer extension products. Results from ribonuclease protection assays support the start of transcription at position +l. Although the probe used for ribonuclease protection included all three putative 5' ends identified by the primer extension analysis, a single protected fragment of ca. 170 bases was obtained (data not shown). Perhaps the two weaker bands detected by primer extension result from non-specific priming. There is no detectable upstream TATAA motif or insect initiator sequence associated with the start site (Cherbas and Cherbas, 1993; Arkhipova, 1995) . Downstream, there is also no consensus translation initiation sequence. However, translation most likely starts with the ATG at position 40 since the predicted protein shares three of the first four amino acids with the Drosophila eve protein. An Eve binding site (CAGCACCG) ) is located 120 bases upstream of the transcription start site, suggesting that Tc eve transcription may be controlled in part by autoregulatory mechanisms.
The homeodomains of the insect Even-skipped proteins are almost identical. The beetle homeodomain shows only three amino acid differences when compared with those of the grasshopper or fly proteins (Fig. 3a) . Tc Eve shares additional similarities with other members of the evenskipped family in the regions flanking the homeodomain (Fig. 3b) . Upstream, Tc Eve shares three of four residues with the grasshopper protein. In vertebrates the homeodomain is flanked by aspartic acid (D) and glutamine (Q), whereas in the Tribolium and grasshopper proteins this dipeptide is separated from the homeodomain by one position. With respect to the 34 residues immediately downstream of the homeodomain, the predicted protein shares 23 with the Drosophila protein and 17 with the grasshopper protein (if a one amino acid gap is introduced to facilitate alignment). The degree of similarity in this region is even higher (e.g. 79% between Tc Eve and Dm Eve) if conservative substitutions are taken into account using the BLOSUM62 matrix (Henikoff and Henikoff, 1992) . Comparison with the vertebrate peptides reveals 13 of the 34 residues are identical (if a three base gap is introduced into the vertebrate sequences). All even-skipped family proteins, including that from Tribolium, are relatively proline-rich downstream of the homeodomain.
Finally, the Tc eve predicted protein shares a carboxyl-terminal motif with the fly protein (Fig. 3~ ). This motif is also present in the grasshopper protein, where it is followed by an additional 11 C-terminal residues. No similar region is apparent in the vertebrate proteins. In conclusion, the beetle protein has maintained strong sequence conservation with respect to the other insect proteins in an extended homeodomain region and at the C-terminus, as well as recognizable conservation with respect to the vertebrate proteins in regions flanking the homeodomain.
Expression of Tc eve during Tribolium embryogenesis
We analyzed the expression of Tc eve by in situ hybri- dization (Fig. 4) . Tc eve expression is first detected uniformly throughout the posterior half of the blastoderm (Fig. 4a) . The first stripe resolves at approximately 50% egg length by loss of expression in an interstripe region (Fig. 4b,c) . As cells aggregate in the posterior-ventral region to form the embryonic rudiment, loss of expression in another interstripe results in a total of two stripes and a posterior domain surrounding the primitive pit (Fig. 4d,e) . Thereafter, primary stripe 1 resolves into secondary stripes la and 1 b by loss of expression in a central region; fading occurs progressively from posterior to anterior, so that at intermediate stages la is wider than lb. When fully resolved, secondary stripes la and 1 b are of equal size and intensity (Fig. 4f) . During germ rudiment condensation and subsequent elongation, new primary stripes continue to be delineated from the posterior domain, and similarly resolve into secondary stripes. Coincidently, pairs of secondary stripes formed earlier fade in an anterior-posterior progression. Tc eve transcripts are also present in the mesoderm along the midline (Fig. 4g) and in the amnion. Transcripts appear later in the central nervous system, but we have not characterized their distribution.
The register and approximate boundaries of Tc eve expression were determined by immunolocalization of the Engrailed protein after in situ hybridization with the Tc e\je riboprobe. Engrailed provides a marker for the anterior portion of each parasegment (PS) (Pate1 et al., 1989a; Brown et al., 1994a ) and although it is expressed after Tc eve, the Tc eve mRNA persists long enough to overlap with the Engrailed protein. Tc eve primary stripe 1 resolves into secondary stripes la and lb that share anterior borders with the first two Engrailed stripes (mandibular and maxillary, Fig. 4g ). We can infer that Tc eve primary stripe 1 extends through the presumptive PSl and anterior of PS2. By comparison with Engrailed stripes, Tc eve is expressed in a total of eight primary stripes resulting in 16 secondary stripes. (Note that Tribolium has additional well-defined abdominal segments compared to flies.) Overall, the pattern of expression of Tc eve transcripts closely resembles that detected by Pate1 et al. (1994) with a cross-reacting antibody, suggesting that there is no differential translational regulation.
RFLP analysis io determiize linkage relatiomhip of Tc eve to the HOM-C
eve orthologs are tightly linked to homeotic genes in coral (Miles and Miller, 1992) and vertebrates (D'Esposito et al., 1991) . It has been hypothesized that an even-skipped ortholog was part of an ancestral homeotic complex (Matsui et al., 1993) , although Drosophila eve assorts independently from the homeotic complexes (Ntisslein-Volhard et al., 1984) . The genetic advantages of Tribolium have allowed us to assess whether Tc er'e maps recombinationally to the vicinity of its Homeotic complex (HOM-C). Based on mammalian results, we would predict that Tc eve is located adjacent to the HOM-C near the Abdorninnl-B ortholog. pointed abdominal sternite (pas) is a recessive mutant allele of Abdominal, the beetle abdornin&-A ortholog (Stuart et al.. 1993) . unbuckled (ub) is a recessive visible mutation nine map units from pas (Beeman et al., 1996) . These genes flank the position of the Abdominal-B ortholog and the hypothesized Tc eve location.
A Tc eve probe identifies a restriction fragment length polymorphism (RFLP) between the wild type Georgia strain and one homozygous for pus ub. The wild type strain has the low molecular weight form (4.0 kb), and thepns ub strain carries the high molecular weight form (5.5 kb) (Fig. a 
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Sa eve 5, left-hand panel). Wild type beetles were crossed to pas ub mates, and F, progeny were back crossed to beetles from the pas ub strain. The distribution of parental and recombinant classes with respect to pas and ub were as expected. If Tc eve maps between the two visible markers, we would expect pas ub/pas ub backcross progeny to carry only the high form, and the pas ubl+t class to carry both forms. Instead, Southern analysis of DNA isolated from single backcross progeny showed that Tc eve segregates independently from the two visible markers (Fig. 5 and Table 1 ). That is, beetles carrying only the high form and those carrying both forms were equally frequent in each backcross class. Thus, Tc eve segregates independently and is not linked to the HOMC.
Discussion
We have identified the Tribolium ortholog of eve which encodes a proline-rich protein sharing a conserved homeodomain, downstream flanking region, and C-terminus with other insect eve proteins. Although some vertebrates (e.g. Bastian and Gruss, 1990) have two eve paralogs, Tribolium resembles Drosophila in having only one. Conservation of the homeodomain (and presumably the DNA binding properties) suggests the orthologous beetle and grasshopper proteins act as transcriptional regulators as does Drosophita Eve Han et al., 1989) . The N-terminal portion of Tc Eve (between amino acids 34 and 63) is rich in PEST residues, which are found in proteins (including Dm Eve) with rapid turnover rates (Rechsteiner, 1988) . Beyond the region immediately flanking the homeodomain, the beetle and fly Eve protein resemble one another only in being proline rich. Tc Eve lacks homomeric alanines and hydrophobic residues associated with the repressor activity of Dm Eve (Austin and Biggin, 1995; Urn et al., 1995) . At the carboxy-terminus, 11 amino acids are conserved between the beetle and fly proteins (10 identical and 1 conservative substitution, Fig. 5~) .
Tc eve shares with vertebrate orthologs a conserved intron position within the homeobox (D'Esposito et al., 1991) . Presumably this is an ancient feature of eve that has been lost in the lineage leading to Drosophila (Macdonald et al., 1986) . Its presence or absence in other invertebrate eve orthologs has not been examined.
In Drosophila, eve is ultimately expressed in seven major stripes in the odd-numbered parasegments and in weaker stripes in the even-numbered parasegments (Macdonald et al., 1986; Frasch and Levine, 1987) . The resulting 14 stripes are coincident with Engrailed stripes. The embryonic expression pattern we describe in Tribolium resembles that of Drosophila yet differs in both the relative intensity of the mature stripes and the spatial dynamics by which they arise. Ultimately in both insects, eve is expressed in the anterior portion of each parasegment. However, in Tribofium this expression appears equivalent in both even and odd numbered parasegments.
Tc eve expression in a single primary stripe includes simultaneous expression in both an odd and even parasegment. However, in Drosophila, expression in the even numbered parasegments arises later in development after expression in the odd numbered parasegments (Macdonald et al., 1986) . Pate1 et al. (1994) also report that Eve is expressed in stripes during the development of the intermediate germ beetle Dermestes and the long germ beetle Callosobruthus. The eve expression pattern in these beetles is like that of Tribolium, differing only in the number of stripes present at the beginning of gastrulation. The variation in the timing and intensity of eve expression between the lly and beetle may correspond to regulatory and/or functional differences.
In Drosophila, eve and fishi tarazu (ftz) are expressed in complementary patterns, and play important roles in establishing boundaries in odd and even numbered parasegments, respectively (Ingham and Martinez Arias, 1992 ). An additional, indirect role of eve in even numbered parasegments is reflected in the absence of the 14 stripe Engrailed pattern in eve mutants (Harding et al., 1986; Macdonald et al., 1986) . Krause (1992, 1993) present evidence that different eve roles in strong odd and weak even stripes are related to concentrationdependent repression of different genes in these parasegments. The function of Tc eve could be similarly complex; alternatively, its strong expression in all beetle parasegments may be associated with a common role in each. Tribolium has a ftz ortholog in its Homeotic complex ( Brown et al., 1994a) , but embryos deficient for this region do not have a pair-rule phenotype (Stuart et al., 1991) . Perhaps in the evolution of Drosophila, ftz assumed a function in even numbered parasegments that was performed by an ancestral eve ortholog.
In Drosophila a syncytium appears important for the regulation of the primary pair-rule genes by short-range gradients of gap gene proteins (Ingham and Martinez Arias, 1992) . The products of the primary pair-rule genes are likewise expressed before cellularization, but are apically localized, limiting protein diffusion and creating sharp boundaries (Davis and Ish-Horowitz, 1991) . In contrast, much of segmentation in most other insects occurs in a cellularized embryo, raising questions about the extent to which the Drosophila segmentation regulatory hierarchy is relevant (Akam and Dawes, 1992) . Nevertheless. results from studies of Tribolium orthologs of even-skipped and other segmentation genes strongly suggest that a similar repertoire of pair-rule and segment polarity genes are involved in beetles and flies (reviewed by Brown and Denell, 1996) .
even-skipped orthologs have been described in insects and a variety of vertebrates. An eve ortholog also exists in a cnidarian (Miles and Miller, 1992) and a nematode (Ahriuger, 1996) . Thus, eve was presumably common to unsegmented metazoan ancestors. Available evidence suggests that ancient functions of this gene include both a role in neurogenesis and in establishing posterior identity. Central nervous system expression preceded the separation of the protostomes and deuterostomes, as expression there is observed in the insects Drosophila (Frasch et al., 1988) , Schistocerca (Pate1 et al., 1992), and beetles (Pate1 et al., 1994 and this report) as well as such vertebrates as Xenopus (Ruiz i Altaba et al., 1991) and the mouse (Bastian and Gruss, 1990) . (Note, however, that zebrafish does not display CNS expression (Joly et al., 1993) .) Posterior expression domains have been described for Caenorhabditis (Ahringer, 1996) , some insects, and vertebrates. Expression of eve orthologs during segmentation of Drosophila, beetles, and a polyembryonic wasp (Grbic et al., 1996) indicates that eve acquired a role in this context before the radiation of holometabolous insects. Neither evenskipped nor fushi tarazu orthologs are expressed during segmentation in a grasshopper, the only hemimetabolous insect yet examined. Interestingly, eve is not expressed in a posterior domain in Drosophila. A caudal role may have been lost as a consequence of the evolution in the Drosophila lineage of complex mechanisms acting during oogenesis to establish the embryonic anterior-posterior axis. In overview, beetles have a presumed eve function in segmentation shared with flies but absent from grasshoppers, whereas they share with grasshoppers an apparently ancestral posterior function lost in flies.
In humans (D'Esposito et al., 1991; Faiella et al., 1991 ) and mice (Bastian and Gruss, 1990) eve orthologs have been mapped to the 5' end of the homeotic complex consistent with the colinearity between chromosome location and the area of function. Matsui et al. (1993) have suggested that the human ortholog was a part of the ancestral complex before duplication. As we have shown, Tc eve is not linked to the HOM-C in Tribolium. Therefore, it appears eve was lost from the complex before the divergence of beetles and flies.
The experimental advantages of Drosophila have allowed a detailed description of the complex regulatory mechanisms controlling even-skipped function. We have summarized evidence that the role of eve orthologs differs dramatically in different phylogenetic groups, even within the insects. Of non-Drosophilids studied to date, Tribolium offers a unique opportunity for an integrated genetic and molecular analysis of its eve ortholog. An investigation of its transcriptional regulatory control is underway (Adrienne Blair, pers. commun.). In addition, we are currently RFLP mapping Tc eve with respect to visible and molecular markers as a prelude to mutational analysis.
Experimental procedures
Isolation and sequencing of T. castaneum genomic and cDNA clones
A fragment of DNA containing the Drosophila proboscipedia homeobox (Cribbs et al., 1992 ) was used to identify clones in a Tribolium A genomic library (Brown et al., 1988 ) by hybridization at low stringency (McGinnis et al., 1984) . Restriction maps of isolated clones were deter- .%.I. Brown ef al. /Mechanisms of Development 61 (1997) [165] [166] [167] [168] [169] [170] [171] [172] [173] mined by standard methods (Sambrook et al., 1989) . Fragments identified by hybridization to the Drosophila probe were subcloned, and regions generating the hybridization signals sequenced (US Biochemicals). A 1.4 kb HindIIIXhol fragment containing the 3' portion of the eve homeobox was used to screen a Tribolium embryonic cDNA library, resulting in three eve cDNA clones. Nested deletions of both strands of the largest cDNA (980 bp) and one strand of genomic DNA containing the coding region were sequenced. The Genbank accession number for Tc eve is u77974.
Primer extension
A 26 base oligomer complementary to bases 116-142 of the Tc eve cDNA was end-labeled with 3'P, hybridized in aqueous solution to 50 pg of total RNA, and extended according to Boorstein and Craig (1989) . Hybridization temperatures were 50, 5.5, and 60°C. Yeast RNA was hybridized with the same primer at 50°C as a control. Extension products were separated on a 5% acrylamide sequencing gel. Sequencing products obtained with the same oligomer were run in parallel to size the primer extension products.
Irr situ hybridization
Tc eve antisense riboprobes were synthesized from 2 ,ug of linearized cDNA according to the GeniusTM kit protocol (Boehringer Mannheim). Unincorporated nucleotides were removed by microcentrifuge ultrafiltration, and the probes hydrolyzed to ca. 150 nucleotides in HC03 buffer, precipitated and resuspended in 200 ~1 hybridization buffer. We added 5 ~1 riboprobe to 100 ~1 hybridization solution was used for in situ hybridizations, performed as described previously (Brown et al., 1994a) . The embryos were rinsed several times in phosphate-buffered saline containing 0.5% Triton X-100 before proceeding with the immunostaining protocol using the anti-Invected antibody 4D9 (Pate1 et al., 1989b) . Embryos were counterstained with Hoechst prior to mounting in 80% glycerol. Photographic negatives were digitized, and brightness and contrast adjustments were made in Adobe Photoshop software. The figure panel was laid out with Aldus Pagemaker and printed by a Kodak XL 7700 dye-sublimation printer.
Linkage analysis
Genomic fragments from XTCEVE2 were used to screen wild type and mutant strains of Tribolium castaneum for restriction fragment length polymorphisms (RFLPs). A 0.8 kb XhoI fragment from the 5' end of XTCEVE2 identifies 4.0 kb and 5.5 kb Hind111 fragments in wild type (Georgia-13) and mutant (pas ub) strains, respectively. F, individuals were back crossed to pas ub homozygotes. Individual back cross progeny were scored according to phenotype and their DNA was extracted. Panels of Hind111 digested DNA were blotted to MS1 magnacharge membranes, and hybridized with the 0.8 kb fragment at 65°C in Church's buffer (Church and Gilbert, 1984) . Posthybridization washes were performed at high stringency.
